abstract: Male subfertility due to falling sperm counts has become an increasing problem over a short timescale (50 -70 years). Recently, bioinformatics analysis of the human testis proteome has revealed the existence of human-testicular-predominantly-expressed-proteins, which are highly associated with spermatogenesis, although the functions of many of these proteins are still unknown. To understand the function of one of these proteins, SHCBP1L (1700012A16RIKEN), a knockout mouse was produced in which this gene was removed. Using this model, we showed that SHCBP1L binds to another protein, HSPA2, and maintains stability of the spindle. We showed that this complex was not present in knockout mice and that an abnormal number of spermatocytes were held in the early stages of meiosis. Many of these cells were undergoing programmed cell-death, or apoptosis, which is highly unusual for cells during the early stages of meiosis. We also found that proteins very similar to SHCBP1L exist in many other mammals. This led us to propose that SHCBP1L plays an important role in spermatogenesis in mammals.
Introduction
Approximately 15% of couples face the problem of infertility and in males, this situation has become an increasing problem over a short timescale (50-70 years) due to falling sperm counts (Sharpe, 2012) . Known genetic causes of male infertility account for less than one-third of all male factor subfertility cases, leaving a large proportion of cases classified as idiopathic (Dohle et al., 2002) . Spermatogenesis is a complex process of mitotic and meiotic divisions of germ cells resulting in the formation of haploid spermatozoa. Studies in animal models have suggested that genetic deficiencies are the cause of declining sperm output (Yan, 2009; Borg et al., 2010) . Recently, bioinformatic analysis of the human testis proteome has revealed the existence of humantesticular-predominantly-expressed-proteins (HTPEPs), which are highly associated with spermatogenesis , although the functions of many of these proteins are still unknown. Therefore further functional characterizations of these proteins are required to elucidate the mechanisms of spermatogenesis.
Orthologs of one of these HTPEPs, Shc SH2 domain-binding protein 1-like protein (SHCBP1L or C1ORF14 or 1700012A16RIKEN), which was identified in the human testis proteome were found in the proteome of mouse male germ cells with 1C and 4C (Guo et al., 2011) DNA content. Interestingly, SHCBP1L was not found in the human sperm proteome and neither were the orthologs found in the proteome of mouse oocytes at different developmental stages, including the germinal vesicle stage, the metaphase II (MII) stage, and in fertilized oocytes (zygotes) (Wang et al., 2010b) . These results suggested that SHCBP1L is expressed in male germ cells in the testis but not in female germ cells and mature sperm. The gene encoding SHCBP1L is located on the 1q25 region encompassing the hereditary prostate cancer (HPC1) loci (Sood et al., 2001) ; however, the function of this protein is still unknown.
According to the SMART (Simple Modular Architecture Research Tool http://smart.embl.de/) database (Letunic et al., 2012) , the predicted protein sequence of SHCBP1L contains four parallel beta-helix repeats (PbH1), which is a motif shared by many carbohydrate-binding † These authors contributed equally to the work.
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For Permissions, please email: journals.permissions@oup.com proteins (Ciccarelli et al., 2002) . SHCBP1L shows 35% similarity with the SHC SH2 domain-binding protein 1 (SHCBP1), which contains five PbH1 motifs. Unlike the predominantly testicular expression pattern of SHCBP1L (based on the EST profile of the NCBI Unigene database http://www.ncbi.nlm.nih.gov/UniGene/), SHCBP1 is expressed in many human tissues. The ortholog of SHCBP1 in Drosophila, Nessun Dorma, is localized at the central spindle and is required for cytokinesis during spermatocyte meiosis (Montembault et al., 2010) . It can be speculated that SHCBP1L shares functional similarities with SHCBP1 based on the similarity of the protein motifs.
In this study, we identified and characterized the function of the novel HTPEP, SHCBP1L, using a gene knockout mouse model. These results could further our understanding of the process of spermatogenesis and also provide new insights into the mechanisms underlying clinical male subfertility.
Materials and Methods

Mouse and human samples
This study was approved by the ethics committees of Nanjing Medical University and was conducted in accordance with the national and international guidelines. SHCBP1L knockout mice were bred at the animal center of Nanjing Medical University (Nanjing, China), and were originally transferred from the Knockout Mouse Project (KOMP) Repository. Strain information can be found at the following website: http://www.knockoutmouse.org/ martsearch/project/28630. Mice were kept under environmentally controlled conditions with unlimited access to food and water. The human testis specimen was collected from a 37-year-old fertile man with normal semen by biopsy (following the provision of informed consent) as described previously . Human testis samples and mouse tissue samples were fixed in Bouin's solution and used for morphological examinations. Adult mice aged 3 -6 months were used for the phenotype study.
RNA extraction, RT-PCR and genotyping
Total RNA was extracted from adult mouse tissues using the RNeasy Plus Micro Kit with on-column DNase digestion (Qiagen Ltd, Crawley, West Sussex, UK). Random primed cDNA was prepared using the PrimeScriptTM RT Master Mix (TaKaRa Bio, Inc., Otsu, Japan). The various cDNAs were PCR-amplified with specific primers in 20 ml of GoTaq Green Master Mix (Promega Corporation, CA, USA). Human multiple-tissue cDNA panels (Clontech Laboratories, Palo Alto, CA, USA) were used for analysis. The amplification conditions consisted of initial denaturation at 948C for 5 min, followed by 30 cycles at 948C for 30 s, 558C for 30 s and 728C for 30 s. The final extension was carried out at 728C for 10 min. The PCR products were analyzed by 1.5% w/v agarose gel electrophoresis, using mouse b-actin as the control gene. A PCR-based genotyping protocol was performed (Scieglinska et al., 2008) to distinguish the KO and WT alleles. Primer sequences are presented in the Supplementary data, Table SI.
SHCBP1L recombinant protein and antibody generation
The full length coding sequence of the Shcbp1l gene was subcloned into a pReceiver-B01 (OmicsLink TM ) expression vector (GeneCopoeia, MD, USA) coding for six N-terminally located histamine residues and expressed in BL21 (DE3) pLysS competent cells according to the manufacturer's instructions. The expressed recombinant protein was then purified over a Ni 2+ affinity column using the AKTA Basic System (Amersham Biosciences) under denaturing conditions. Polyclonal antibodies were produced in a male New Zealand white rabbit by injecting 100 mg of recombinant protein and boosting with one-half of the initial amount at 2 and 3 weeks after the primary immunization. Reactivity of the pre-immune and immune sera was determined by ELISA. The specificity of the antibody was verified by western blot, immunohistochemistry and immunofluorescence analyses.
Western blot analysis
Samples that contained 100 mg of protein from adult mouse testes were electrophoresed and transferred to a nitrocellulose membrane (Amersham Biosciences, Uppsala, Sweden). The membranes were blocked and then incubated overnight with primary antibodies against SHCBP1L and HSPA2 (LifeSpan BioSciences, Inc., WA, USA) at a dilution of 1:1000. Membranes were then washed and incubated for 1 h with a horseradish peroxidase conjugated anti-rabbit or anti-mouse IgG secondary antibody at a dilution of 1:2000 (Beijing Zhong-Shan Biotechnology Co.). Proteins were detected using an ECL kit and AlphaImager (Amersham). Negative controls were processed in an identical manner, except that the primary antibody was preincubated with the recombinant protein.
Immunohistochemical analysis
Sections from samples were fixed using Bouin's solution and paraffinembedded. In brief, after quenching the endogenous peroxidase activity, the sections were incubated with a blocking serum and then incubated overnight at 48C with primary antibodies against SHCBP1L and HSPA2 (LifeSpan BioSciences) at a dilution of 1:1000. The sections were then incubated with HRP-conjugated secondary antibody (Beijing ZhongShan Biotechnology). Immunoreactive sites were visualized as brown using diaminobenzidine and mounted for bright-field microscopy (Axioskop A1; Zeiss, Germany). To confirm the specificity of these antibodies, negative controls were processed in an identical manner, except that the primary antibody was pre-incubated recombinant protein for SHCBP1L and replaced by normal IgG for HSPA2.
Indirect immunofluorescence
Sections from samples were fixed using modified Davidson's fluid (Latendresse et al., 2002) and paraffin-embedded. In brief, after blocking in PBS containing calf serum for 2 h, samples were incubated overnight with a 1:1000 dilution of antibodies against SHCBP1L and HSPA2 or Alpha-TUBULIN (Sigma-Aldrich) Co. at 48C. The sections were then incubated with FITCconjugated and TRITC-conjugated secondary antibody (Beijing Zhong-Shan Biotechnology Co.) at a 1:100 dilution for 1 h at room temperature. Slides were viewed with an LSM710 confocal microscope (Zeiss, Germany) driven by ZEN2009 software (Zeiss).
Fertility tests
Adult mice (aged 3-6 months) were used for fertility studies. The number of pups/copulatory plugs was recorded in three groups (8 WT males paired with 8 WT females, 7 homozygous males paired with 7 WT females, 5 homozygous females paired with 5 WT males).
Histological analysis
Periodic acid-Schiff (PAS) staining of testis sections was performed according to the manufacturer's protocol (Sigma-Aldrich Cat. No. 395B-1KT) to determine the stage of spermatogenesis (Ahmed and de Rooij, 2009 Terminal deoxynucleotidyl transferase dUTP nick end labeling assays DNA fragmentation as an index of apoptosis was determined in paraffin-embedded mouse testis sections (8 homozygous and 7 WT) by the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (Roche Diagnostics, Indianapolis, IN, USA) according to the manufacturer's specifications. Approximately 200 tubules of each sample from each group were analyzed using microscopy (Axioskop A1; Zeiss, Germany) and ImageJ 1.43u software (National Institutes of Health).
Computer-assisted sperm analysis
Mature sperm from nine homozygous and nine WT mice were obtained by making small incisions throughout the cauda epididymis, followed by extrusion and suspension in culture medium [human tubal fluid (HTF) media, In Vitro Care, Frederick, MD, USA]. Sperm samples (10 ml) were used for computer-assisted semen analysis (CASA) detection (Hamilton-Thorne Research, Inc., Beverly, MA, USA). Motility parameters for the experimental and control groups were measured and analyzed.
Chlortetracycline fluorescence assays
Chlortetracycline (CTC) fluorescence assays were performed as described previously (Bi et al., 2009) . A CTC stock solution, containing 750 mmol/l CTC-HCl (Sigma), 130 mmol/l NaCl, 5 mmol/ l l-cysteine and 20 mmol/l Tris-HCl (pH 7.8), was prepared daily and stored at 48C in the dark. Epididymal cauda sperm samples were collected (six homozygous and six WT) after 90 min in capacitating culture. Samples of each sperm suspension (50 ml) were mixed with 50 ml of CTC stock solution in a 1.5 ml Eppendorf tube at room temperature and then 17.5 ml of 10% formalin in 2.5 mol/l Tris base was added as a fixative. The samples were kept at 378C for 1 h and then at 48C overnight for sedimentation of the sperm. Microscope slides were prepared and 200 sperm per slide were observed under a Zeiss Axioskop2 plus fluorescence microscope at an excitation wavelength of 430 nm. Using CTC staining, our earlier experiments revealed three distinct staining patterns after sperm were incubated in capacitating medium. The F pattern characterizes uncapacitated, acrosome-intact sperm; the B pattern represents capacitated but acrosome-intact sperm; and the AR pattern corresponds to sperm that have undergone both capacitation and the acrosome reaction.
Immunoprecipitation, mass spectrometry and co-immunoprecipitation
Immunoprecipitation (IP) was performed as described previously (Wang et al., 2010a) . Testes from WT mice were lysed using RIPA buffer (1% [v/v] Figure 1 (A) Expression levels of SHCBP1L in human tissues: 1, heart; 2, brain; 3, placenta; 4, lung; 5, liver; 6, skeletal muscle; 7, kidney; 8, pancreas; 9, spleen; 10, thymus; 11, prostate; 12, testis; 13, ovary; 14, small intestine; 15, colon; 16, leukocytes; 17, negative. (B) Expression levels of Shcbp1l in mouse tissues: 1, testis; 2, uterus; 3, ovary; 4, brain; 5, heart; 6, spleen; 7, lung; 8, kidney; 9, liver; 10, small intestine; 11, skeletal muscle; 12, negative. (C) Immunohistochemical analysis of the location of SHCBP1L in human testis sections. Positive signals were observed in the middle of the seminiferous tubules and were localized to spermatocytes and spermatids (scale bar ¼ 50 mm). (D) Immunohistochemical analysis of the location of SHCBP1L in mouse testis sections. Positive signals were observed in the middle of the seminiferous tubules and were localized to spermatocytes and spermatids but were not found in the ovary (scale bar ¼ 100 mm). (E) Magnified view of the immunohistochemical analysis of the location of SHCBP1L in mouse testis sections in different stages of spermatogenesis. SHCBP1L expression was initiated in pachytene spermatocytes, followed by up-regulated expression in the spindle region during meiosis, with gradually diminishing expression in the elongating spermatid (scale bar ¼ 10 mm, P, pachytene; RS, round spermatid; ES, elongating spermatid and MI, Metaphase I).
SHCBP1L in male germ cells NP-40, 0.1% [w/v] SDS, 0.5% [w/v] sodium deoxycholate, 0.05 mol /l Tris, 0.15 mol/l NaCl, 1 mmol/l NaF and 1 mmol /l Na 2 VO3 . 12H 2 O) supplemented with 1% (v/v) protease inhibitor cocktail (Pierce) instead of lysis buffer. The lysates were mixed, precleared with 50 ml of protein A agarose slurry (Invitrogen, Carlsbad, CA, USA) and rotated for 30 min at 48C. For IP, the precleared samples were incubated with antibodies overnight at 48C. After the addition of 100 ml of protein A agarose slurry, the mixtures were rotated for 2 h at 48C. The samples were then washed three times with RIPA buffer by centrifugation at 14 000g for 10 s at 48C and boiled in 50 ml of SDS buffer for 5 min. The samples were then separated by 12% SDS-polyacrylamide gel electrophoresis. Gels were silver-stained and specific bands were excized. Gel pieces were denatured, alkylated, trypsindigested and analyzed by an Ultraflex II MALDI-TOF-TOF mass spectrometer (Bruker Daltonics GmbH, Bremen, Germany) under the control of FlexControl TM 2.4 software (Bruker Daltonics GmbH) as described (Zhu et al., 2010) . MS/MS spectra were searched using Mascot (v2.1.03). Mascot scores .80 represent good quality for identification. For co-IP analysis, the SDS gel was subjected to western blotting as previously described.
Phylogenic tree
The protein sequences of orthologs of SHCBP1L and SHCBP1 in different species were collected from the NCBI database (http://www.ncbi.nlm. nih.gov/). The phylogenic tree was constructed by the neighbor-joining method using the MEGA 5.0 Software.
Statistical analysis
All experiments were repeated at least three times. The differences between treatment and control groups were analyzed using one-way ANOVA. Values of P , 0.05 were considered to be statistically significant. All data represent the mean + the standard error of the mean (SEM).
Results
SHCBP1L is predominantly expressed in mouse and human male germ cells
The expression pattern of the human SHCBP1L transcript and its mouse counterpart was analyzed by RT-PCR in multiple tissues. SHCBP1L and its orthologs were found to be predominantly expressed in human and mouse testis (Fig. 1A and B) .
To further characterize SHCBP1L, a specific antibody was generated based on the mouse Shcbp1l gene sequence. The specificity was evaluated as described in Supplementary data, Fig. S1A and confirmed by western blot (Supplementary data, Fig. S1B ) and IP analyses combined with mass spectrometry (Supplementary data, Fig. S1C and D) .
Immunohistochemical (IHC) analysis demonstrated SHCBP1L expression in germ cells inside the seminiferous tubules of human and mouse testis ( Fig. 1C and D) , although expression was not detected in mouse ovary (Fig. 1D) . SHCBP1L expression was initiated in pachytene spermatocytes in 14-day-old mice ( Fig. 2) , followed by expression in the spindle region during meiosis, with gradually diminishing expression in the elongating spermatid (Fig. 1E) . Immunofluorescence study demonstrated that SHCBP1L co-localized with Alpha-TUBULIN (a marker of spindle) during meiosis in mouse testis (Fig. 3) .
Shcbp1l gene knockout mice exhibit reduced sperm output and male subfertility Shcbp1l gene knockout mice were generated by insertion of a trapping cassette in the intron between exons 2 and 3 of the Shcbp1l gene (Fig. 4A) . Genotyping of Shcbp1l gene knockout mice was determined by genome-PCR using specific primers targeting the sequence of the trapping cassette (Fig. 4B) .
Successful generation of homozygous Shcbp1l gene knockout mice was demonstrated by RT -PCR (Supplementary data, Fig. S2A ) as well as by western blot (Supplementary data, Fig. S2B ) and IHC (Supplementary data, Fig. S2C ) analyses to confirm that the absence of Shcbp1l gene expression at the mRNA and protein levels, respectively.
Compared with wild-type (WT) mice, homozygous male Shcbp1l gene knockout mice were associated with reduced litter size when crossed with WT females; however, this effect was not observed when female Shcbp1l gene knockout mice were crossed with WT males (Fig. 4C) . The whole epididymal sperm content of homozygotic male mice was significantly reduced (Fig. 5A ) and the testicular weight was also reduced (Supplementary data, Fig. S3A ). Computer-assisted sperm analysis (CASA) of sperm from the epididymal cauda showed that the average numbers of motile and progressive sperm were unaffected ( Fig. 5B and C) .
Capacitation of the sperm from epididymal cauda was evaluated in CTC fluorescence assays. There were no differences in the ratios of uncapacitated sperm, capacitated sperm and capacitated and acrosomereacted sperm between homozygous and WT mice (Fig. 5D) . Furthermore, no significant changes in the morphology and calcium ionophore A23187-induced or progesterone-induced acrosome reaction of male homozygous sperm were observed (Fig. 5E and Supplementary data, Fig. S3B and C) . These results indicated that the Shcbp1l gene knockout resulted in reduced sperm output but did not influence the rates of motility, capacitation and acrosome reaction of sperm.
The number of metaphase or anaphase-arrested spermatocytes is increased in Shcbp1l gene knockout mice
To determine the mechanism underlying the observed decrease in sperm output, stage VII -VIII seminiferous tubules were analyzed after (Fig. 6A) .
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) analysis of testicular sections revealed that both the number of apoptotic cells per tubule and the number of tubules containing apoptotic cells were increased in homozygotes (Fig. 6B) . PAS-staining showed that the number of these apoptotic spermatocytes was significantly increased in homozygotes (Fig. 6C ) and morphologic evaluation revealed that most of these cells were in stage I -III, which follows stage XII of meiosis. Furthermore, apoptotic cells are not usually found in stage I -III (Fig. 6C) .
Absence of the SHCBP1L interaction with heat shock 70 kDa protein 2 (HSPA2) causes spindle instability during meiosis in mouse male germ cells To further investigate the molecular function of SHCBP1L, the protein complex was immunoprecipitated using a SHCBP1L-specific antibody. SDS-PAGE analysis of the SHCBP1L protein complex revealed two specific bands in the WT that were absent from the homozygous knockouts ( Fig. 7A and Supplementary data, Fig. S1C ). The components of the SHCBP1L protein complex were identified as SHCBP1L and HSPA2 (Table I) and western blot analysis confirmed that HSPA2 was co-immunoprecipitated with SHCBP1L (Fig. 7B) . Co-immunoprecipitation using the HSPA2 antibody also showed that SHCBP1L was complexed with HSPA2 ( Fig. 7C) . Immunofluorescence study demonstrated that SHCBP1L co-localized with HSPA2 during meiosis in mouse testis (Fig. 7D-G) .
IHC assays revealed that HSPA2 was expressed in the male germ cells of both WT and homozygous mice. Similar to SHCBP1L, HSPA2 was enriched in the spindle region during the meiotic process. Furthermore, in homozygous KO mice, HSPA2 expression was not concentrated at the spindles in stage XII of meiosis compared with the cytoplasmic expression. In addition, HSPA2 accumulation was observed in some meiotic cells (Fig. 8A ) and the chromosome arrangement appeared to be disordered ( Fig. 8A and B) . The signals of Alpha-TUBULIN were reduced or disappeared in part of cells during meiosis (Fig. 8B) . These data indicated that SHCBP1L and HSPA2 form a complex to maintain spindle stability during meiosis in male germ cells.
The post-transcriptional modification of SHCBP1L in mouse
Due to the level of similarity between SHCBP1L and SHCBP1, a phylogenic tree was constructed by the neighbor-joining method based on the orthologs of SHCBP1L and SHCBP1 in different species (Fig. 9A) . This indicated that SHCBP1L and SHCBP1 originated from the same ancestor protein in invertebrates, with maintained function during evolution in individual branches. Compared with the WT, the transcript level of SHCBP1 was not affected in the SHCBP1L knockout mouse (Supplementary data, Fig. S2A ). This indicated that SHCBP1L and SHCBP1 do not share a common mechanism whereby SHCBP1 levels are increased after SHCBP1L knockout. Analysis of the orthologs record from the Ensembl orthologs database (http://www.ensembl. org) revealed that SHCBP1L and its orthologs appear in most mammals and presence in some species of sauropsida (2 of 7) and fish (3 of 11) ( Table II) .
The post-transcriptional modification of the mouse Shcbp1l coded protein was determined by IP combined with mass spectrometry. The following post-transcriptional modification sites were identified: 'MESDATTSEPK' with S3 acetylation (23 of 24 spectra); SVVASPRPVK with S50 phosphorylation (8 of 14 spectra); STLGGVNMKVLPA with K556 (3 of 6 spectra); IEANLKGDIR with K630 (2 of 3 spectra) (Supplementary data, Fig. S4 ). Comparison of protein sequences from mammals revealed that the S50, K556 and K630 modification sites were conserved in mammals. K556 was located in the C-terminal of the carbohydrate-binding region (Fig. 9B) . These data indicated that these conserved modifications play an important role in SHCBP1 function.
Discussion
Human sperm counts have shown a progressive decline since the 1930s -1940s, with an increase in the male subfertility ratio (Sharpe, 2012) . The concern of potential risk of genetic subfertility, caused by loss of gene function, should be raised. We used a knock out mouse model to investigate the function of SHCBP1L protein encoding gene. In our study, the litter size was reduced by loss of SHCBP1L protein in mice. It was demonstrated that sperm counts were significantly reduced in homozygotes. It can be speculated that these effects account, in part, for human subfertility. Furthermore, other risk factors, such as radiation, chemical and toxicant exposure, temperature or another genetic deficiencies, may completely abolish male fertility.
In this study, we showed that SHCBP1L and HSPA2 form a complex that is involved in the maintenance of spindle stability. The heat shock 70 kDa proteins (HSP70) are a family of highly orthologous proteins SHCBP1L in male germ cells with similar structure and function but different expression patterns in mammalian tissues (Daugaard et al., 2007) . It has also been found that these proteins combine with microtubules via a microtubule-associated protein (MAP)-like motif (Liang and MacRae, 1997) . HSP70 and HSPA2 (HSP70-2) were found decorating spindles and centrosomes during meiosis and mitosis in several studies (Rattner, 1991; Jaattela, 1995; Oka et al., 1998; Sconzo et al., 1999; Scieglinska et al., 2008) . One of the functions of the HSP70 protein family is protection of centrosomes and mitotic spindles against stresses, such as heat-induced damage (Hut et al., 2005) . HSPA2 is constitutively expressed at low levels in most tissues, but at high levels in testis and brain (Bonnycastle et al., 1994; Son et al., 2000) . It has also been reported that HSPA2 accumulates at the spindle in heat-shocked mitotic cells but not in normal mitotic cells (Scieglinska et al., 2008) . We hypothesize that the spindle location of HSPA2 is associated with SHCBP1L. In the present study, we demonstrated that the distribution of HSPA2 was altered by the absence of SHCBP1L, with chromosome arrangement disorder indicating spindle damage (Li et al., 2010; Sun and Kim, 2012) . Furthermore, HSPA2 was absent from the spindle of Shcbp1l gene knockout mice (Fig. 6D) . This indicated that SHCBP1L bound to and aided recruitment of HSPA2 to the spindle to further maintain spindle integrity during male meiosis. These results were consistent with our finding that the number of meiosis-arrested spermatocytes was increased in Shcbp1l gene knockout mice. HSPA2 interacts with many proteins, such as CDC2 kinase (Zhu et al., 1997) and the nuclear autoantigenic sperm protein (Alekseev et al., 2009) , and plays multiple roles as a chaperone protein during spermatogenesis (Dix et al., 1996; Govin et al., 2006; Ivell, 2007; Alekseev et al., 2009) . Here, we report a novel complex of SHCBP1L and HSPA2, and its function in specific stages of spermatogenesis.
We hypothesized that the function of SHCBP1L is associated with its location in the testis during evolution. Unlike HSP70, which accumulates on spindles in response to heat stress, HSPA2 is located at the spindle region in normal meiosis in testis. SHCBP1L and its orthologs are found in most mammals, but in only 3 of 11 species of fish and 2 of 7 species of Sauropsida (Table II) . This difference might have evolved in response to stress and environmental changes. Unlike SHCBP1, which possesses a conserved Nesd homology domain (NHD) (Montembault et al., 2010) , which functions in fibroblast growth factor signaling in neural progenitor cells (Chen et al., 2012) , SHCBP1L possesses only a pectin lyase-like domain according to EBI database (http://www.ebi.ac.uk/). This indicated that SHCBP1L plays an important role during spermatogenesis in mammals. These results further our understanding of the process of meiosis in male mammals and the potential causes of male subfertility. The gene orthology and paralogy predictions are generated by a pipeline where maximum likelihood phylogenetic gene trees. '1:1' represent unique orthologous gene was found in each species. '1:many' represent more than one orthologous genes were found in each species. 'many:many' represent more than one orthologous genes were found in each species base on more than one genes. 'No orthologs' represent none of orthologous gene was found in each species.
